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ABSTRACT
Failures of earth dam embankments and river dikes, which are constructed of sandy soils with low dry densities, have been observed to occur during rising of water levels. In this paper, a large-scale physical model test was conducted in order to investigate the behavior of a small dam embankment as water levels rose. The test results were simulated by use of a consolidation analysis method coupled with an elastoplastic model for unsaturated soils. All parameters used in the simulation were obtained from element tests; oedometer, triaxial compression, soil water retention, and permeability tests. First, in order to verify the parameters identiˆed, direct shear tests were simulated using the consolidation analysis method; results of the simulation and the tests were consistent. From the embankment model test it was found that the crest of the embankment moved upstream at theˆrst stage of impounding and then moved back. After a seepage surface appeared on the downstream slope, tension cracks occurred on the downstream slope, and sliding occurred through the crack and the downstream toe. The results of the simulation were consistent with those of the model test. This consolidation analysis method could be used to simulate the complex deformations induced by saturation collapse and shear strains and even failure behavior. Old embankments constructed with loose densities might have histories in which cracks occurred on the downstream slopes when the reservoir water level rose, and their stabilities might have decreased.
INTRODUCTION
Embankments of earth dams and river dikes are commonly constructed by compacting earth materials. Some embankments have low degrees of compaction; for example, old embankments were constructed without machinery and their compactions were performed using manual labor and timber. The lowest degree of compaction recorded was on the order of 70z (Hori et al., 1998; Miki et al., 2000) . These loose embankments sometimes show large settlement and slope failures with rising water levels due to seasonal climate changes such as heavy rainfalls or thaws. In Japan, there are about 210,000 small earth dams that have been constructed for irrigation in the last several hundred years. In many of these the embankment materials are loosely compacted silty sands. Failures of these dams occur almost every year, with more than 200 failures in 2004 due to heavy rainfall (JSIDRE, 2005) .
When reservoir water levels rise, water inˆltrates unsaturated zones of embankments. Embankments made of unsaturated loose sands behave complexly during the inundation. The shear strengths decrease due to a decrease in suction, which might cause shear displacements. In addition to shear displacements, relatively large compressions might also occur during the impounding. This behavior is called``saturation collapse''. Sherard (1953) observed the behavior of a homogeneous earth dam (Rector Creek Dam) duringˆrst impounding and reported that lateral movements of the crest toward the reservoir occurred and a transverse crack developed near the crest. These behaviors might be due to saturation collapse. Nobari and Duncan (1972) investigated in detail behaviors of embankment dams duringˆrst impounding and found a wide variety of soils in dams and foundations may undergo signiˆcant settlement due to wetting.
Some researchers have investigated the failure mechanism of embankments through model tests. Orense et al. (2004) conducted a large-scale model test of an embankment constructed of sand. Deformations of the model were monitored during impounding. However, unsaturated soil eŠects were not considered, and measurements of negative pore water pressures were not provided. Jia et al. (2009) also conducted large-scale model embankment tests to investigate behavior caused by rising and lowering water levels, and indicated that during rising of water levels there were diŠerential settlements due to saturation collapse.
In order to analyze the behavior of embankment dams during impounding, it is necessary to adoptˆeld equations coupled with the force equilibrium equation of whole soil and the mass conservation equation of pore water. This is the so-called consolidation analysis method. Consolidation analysis methods, which have been applied to dams, embankments and slopes, have been thoroughly reviewed by Kohgo (2003) . Chang (1976) , Czapla (1987) , and Duncan and Schaefer (1988) analyzed consolidation behavior during construction and rst reservoirˆlling of dams. In these cases, theˆll materials were assumed to be saturated. Kohgo et al. (1993b) proposed a generalized elastoplastic model for unsaturated soils and analyzed behaviors ofˆll dams during construction andˆrst impounding using a FEM consolidation analysis method (Kohgo, 1992 The objectives of this study are to examine features of deformations and failure on sandy loose embankment dams during rising of water levels by model tests and simulations, and to discuss the validity of the proposed analysis method in predicting the behavior of the embankment. First, we describe a method of saturated and unsaturated consolidation analysis using an elastoplastic model for unsaturated soils proposed by Kohgo et al. (1993b Kohgo et al. ( , 2007 . All parameters of the test material used in the analyses were obtained from element tests: oedometer, triaxial compression, soil water retention, and permeability tests. Next, consolidation analyses simulating direct shear tests in saturated and unsaturated conditions were performed, and the results were compared with the test results to examine the basic validity of the analysis method. Finally, in order to investigate the behavior of typical small earth dams during seepage, a model test was conducted using a large-scale physical model made of a sandy soil. A consolidation analysis was performed and the results were compared with the test results.
AN ELASTOPLASTIC MODEL FOR UNSATURATED SOILS

Suction EŠects
Kohgo et al. (1993a) proposed an elastoplastic model for unsaturated soils. In this model, two suction eŠects were taken into account. Theˆrst eŠect is that an increase in suction increases eŠective stress, and the second eŠect is that an increase in suction enhances the yield stresses and aŠects resistance to plastic deformations.
Theˆrst suction eŠect can be evaluated by describing the relationship between suction and shear strength at critical state as follows:
where s? ij is the eŠective stress tensor, sij is the total stress tensor, d ij is Kronecker's delta, u eq is equivalent pore pressure, ua is pore air pressure, uw is pore water pressure, s is matric suction, s * is eŠective suction, se is air entry suction, ae is a material parameter, and brackets〈 〉denote the operation〈z〉 ＝z at z»0 and〈z〉 ＝0 at zº0. The second suction eŠect can be estimated by formulating the state surface, which expresses elastoplastic volume changes on unsaturated soils, as follows (Kohgo et al., 2007) :
l*＝l＋ l * fls * s*＋a1 * ,
where e is the void ratio, p? is mean eŠective stress, l* is the slope of the e-log p? curve, G * is the void ratio of the e-log p? curve at p?＝unit, l and G are respectively the values of l* and G * at saturation, and l* fl, a1 *, and e 0 01 are material parameters.
These two suction eŠects are introduced in the generalized elastoplastic model. The model has an elliptical cap and a Mohr-Coulomb type failure surface as yield functions and they are connected on the critical state line (Kohgo et al., 1993b; Kohgo et al., 2007) .
In the elastic range, the elastic moduli are assumed to be functions of p? and the second deviator stress invariant J2 as follows:
G＝Gi＋gJ J2-gpp?,
where K is the bulk modulus, G is the shear modulus and Ki, Gi, gJ, and gp are material parameters. (3) degrees of saturation Srm, Srf, and Sre, at the 3 in‰ection points on the soil water retention curve. These parameters can be obtained from soil water retention tests.
Coe‹cients of saturated and unsaturated permeability are assumed to be expressed as follows:
)
Sr *＝ Sr-Srf S re -S rf (12) where k r (＝k/k s ; k is the coe‹cient of permeability in unsaturated conditions, and ks is the coe‹cient of permeability at saturation) is relative permeability and Sr * is an eŠective degree of saturation. The material parameter mp can be obtained from saturated and unsaturated permeability tests.
Consolidation Analysis
The consolidation analysis method employed the force equilibrium equation for whole soil and the mass conservation equation of pore water asˆeld equations. These were introduced to a discrete system by using FEM. Unknown variables in these equations are displacements of soil skeleton and pore water pressures. In all the analyses shown in this paper, 8-node isotropic elements were used for the displacementˆeld and super-parametric elements for the pore water pressureˆeld. Reduced integration was also adopted. Details can be found in Kohgo (1995) .
ELEMENT TESTS AND PARAMETERS OF MODEL MATERAL
Physical Properties of Kasumigaura Sand
The material used for the model test is Kasumigaura sand; the grading curve is shown in Fig. 1 . This is a river sand with Dmax (maximum grain size)＝2.0 mm, D50 (mean grain size)＝0.30 mm, Uc (uniformity coe‹cient)＝ 2.38, rs (density of soil particle)＝2.715 g/cm 3 , rdmax (maximum dry density)＝1.52 g/cm 3 , emax (maximum void ratio)＝0.927, and emin (minimum void ratio)＝ 0.598.
Parameters of the consolidation analyses for Kasumigaura sand were obtained in several element tests: oedometer, triaxial compression, soil water retention, and permeability tests. The parameters obtained are shown in Table 1 . This set of parameters was used for all of the analyses in this study.
Parameters of the State Surface (Oedometer Tests)
A series of oedometer tests was conducted to obtain parameters of the state surface. The dimensions of specimens were 100 mm in diameter and 50 mm in height. The specimens were compacted at diŠerent water contents so that the initial degrees of saturation diŠered: 10z, 20z and 40z. The dry densities slightly varied from 1.40-1.42 g/cm 3 . Vertical loads and volume changes of specimens were measured during the tests. Because friction between the sidewall of the ring and the sand was large, two load cells installed above the top cap and under the pedestal were used to measure vertical loads. The mean values were then adopted as vertical loads. Mean eŠective stresses were calculated from the vertical loads using Jaky's equation. Two specimens with an initial degree of saturation of 20z were soaked at diŠerent ver- tical stresses. In order to obtain the unloading curve and rebound index k, the vertical stresses of two specimens (one with an initial degree of saturation of 20z and the other soaked) were unloaded from 1,300 kPa to 10 kPa. Figure 2 shows the void ratio e vs. mean eŠective stress p? in log scale relationships. The symbols plotted in thiŝ gure show the experimental results. It was found that compression curves of unsaturated specimens (S r ＝10, 20, 40z) diŠered, and their yield stresses depended on both initial dry densities and initial degrees of saturation.
The e-log p? curves after soaking were quite diŠerent from those of the unsaturated specimens. The curve after soaking was almost a straight line and the slope of the line was somewhat smaller than those of the unsaturated specimens. The rebound index of the unsaturated specimen was similar to that of the saturated specimen. The specimens with soaking experienced volume reductions during soaking. These volume reductions were designated as``saturation collapse''.
Parameters of the state surface and rebound index k were identiˆed byˆtting Eqs. (1)- (8). The solid and dotted lines shown in Fig. 2 represent the simulation results obtained by the consolidation analysis method. The simulation results showed good agreement with the experimental results and eŠectively demonstrated saturation collapse behavior.
Parameters of Shear Properties (Triaxial Compression Tests)
Two series of triaxial compression tests were carried out to obtain the parameters for eŠective stresses, elasticity and plasticity. One was conducted under saturated conditions and the other under unsaturated conditions. Specimens for both series were compacted at a water content of 6.8z so that the dry densities were 1.42 g/cm 3 . The triaxial compression tests were conducted under conning stresses: 10, 20 and 30 kPa. For unsaturated specimens, vertical deformations were applied afterˆnishing the consolidation due to the prescribed conˆning stress. For saturated specimens, soaking was conducted after applying the prescribed conˆning stress, and then vertical deformations were applied. Drained and exhausted conditions were maintained during the tests.
The test results are shown in Fig. 3 . Figures 3(a) and (b) show deviator stress q(＝s1-s3; s1 is the maximum principal stress, and s3 is the minimum principal stress)-axial strain ea and volumetric strain ev-axial strain ea relationships, respectively, for saturated specimens. Figures 3(c) and (d) correspond to Figs. 3(a) and (b) for unsaturated specimens. Symbols plotted in Fig. 3 represent the experimental results. The deviator stresses of unsaturated specimens were larger than those of saturated specimens, for specimens with the same conˆning stresses and axial strains. The eŠective stress parameter ae was evaluated by comparing alternative shear strengths of saturated and unsaturated specimens. Parameters of elasticity and plasticity were decided byˆtting the test results. The solid lines in Fig. 3 show the results of consolidation analyses. The relationships between axial strains and deviator stresses obtained from the analyses were in good agreement with those from the tests. The volumetric strains estimated were slightly smaller than those of the experiments. The maximum diŠerences were about 0.5z for saturated cases and about 1.0z for unsaturated ones. This tendency was also seen in the simulation of direct shear tests ( see section of DIRECT SHEAR TESTS) in which the estimated vertical displacements were slightly smaller than the experimental ones as discussed later. However the analyses su‹ciently simulated the tendency that the volumetric strains of unsaturated specimens were larger than those of saturated specimens. Then the simulation results were almost consistent with the experimental ones.
Soil Water Retention and Permeability
We conducted soil water retention tests and permeability tests under saturated and unsaturated conditions to obtain hydrologic nonlinearities; soil water retention and permeability. The soil water retention tests with wetting and drying processes were carried out by the soil column method. The experimental results of the soil water retention tests are shown in Fig. 4 , with symbols denoting the test results. Because the water content conditions in the large-scale model test (to be described later) will change from dry to wet during the impounding, parameters of the soil water retention curve in Table 1 , cm, cf, ce, sm, sf, s e , S rm , S rf , and S re , should be obtained from the wetting curve shown in Fig. 4 . The estimated curve is drawn in Fig. 4 with the 3 points E, M, and F selected to determine the parameters. The estimated curve was in good agreement with the experimental data.
The material parameters for permeability, ks and mp, were obtained from the results of the saturated and unsaturated permeability tests. In the tests a sand column with 30 cm in diameter and 30 cm in height was used. The density of sand was 1.42 g/cm 3 . Water was supplied to the sand column from the top using a spray nozzle. Water was drained freely from the bottom of the specimen and the steady state ‰ow was established. In the steady state condition, the hydraulic gradient was 1.0. The amount of seepage water, suction values measured with piezometers installed in the specimen (only in order to conˆrm steady state), and volumetric water contents measured by TDR sensors were monitored. Coe‹cients of permeability in unsaturated condition were obtained by varying the amount of supply water. Figure 5 shows the experimental results, with symbols representing experimental data. The solid line shows theˆtting curve estimated by Eqs. (11) and (12) . Good agreement was obtained.
DIRECT SHEAR TESTS
In the direct shear tests, strains concentrate within a thin zone, strain distributions within specimens are not uniform, and the specimens progressively fail. Therefore direct shear tests are considered to be small-size model tests. Here, we conducted direct shear tests for saturated and unsaturated Kasumigaura sand under low normal stresses that were similar to the conditions in the model test to be described later. Consolidation analyses of the direct shear tests were performed using parameters obtained from the element tests described above. The simulation results were compared with the experimental ones, and we investigated the capability of the analysis method to express behavior of saturated and unsaturated sands during shearing. 
Method of the Direct Shear Tests
Two series of direct shear tests were carried out: one under saturated conditions and the other under unsaturated conditions. Specimens for both series were compacted at a water content of 6.8z so that the dry densities were 1.42 g/cm 3 . The dimensions of the specimens were 150 mm long, 150 mm wide, and 60 mm in height. Each specimen was compacted in two square shear rings, each 30 mm in height. The gap width between the two shear rings was 2 mm. Vertical columns of colored Kasumigaura sand 3 mm in diameter were installed in the specimens at 15 mm intervals in order to identify the shear zone width after testing.
In order to predict shear behavior that might occur in the test of the large-scale embankment model, which was 80 cm in height, the normal stresses selected in the direct shear tests were 2.5, 5.0 and 10.0 kPa. For the unsaturated specimens, shear deformations were applied after application of the prescribed normal stress. The saturated specimens were soaked after applying the prescribed normal stress, and then sheared.
Boundary Conditions and Parameters of the Analyses
Consolidation analyses for the direct shear tests were conducted using the parameters shown in Table 1 . Theˆn ite element mesh and the boundary conditions used are shown in Fig. 6 . The vertical load was applied on the metal cap placed on the soil specimen. It was assumed that the metal cap was elastic and the stiŠness was stiŠer by about 1,000 times than that of the sand. In the application of the vertical load process, horizontal displacements only wereˆxed on both sides of the specimen and the cap, and both horizontal and vertical displacements wereˆxed Fig. 9 . Conditions of shear bands at horizontal displacement＝15 mm observed from the direct shear tests with normal stress＝2.5 kPa Fig. 10 . Distributions of maximum shear strains at horizontal displacement＝10 mm from the simulations on the base of the specimen. In the shearing process, constant horizontal displacements were applied on both sides of the cap and the upper half of the specimen. The displacement conditions in the lower half of the specimen were the same as those during the application of the vertical load. In unsaturated specimens, initial pore water pressures were maintained during simulations. The initial values were estimated by the soil water retention curve shown in Fig. 4 . In saturated specimens, soaking processes were added between the processes of applying vertical stresses and shearing. The test results were as follows. Because volume reductions occurred during soaking, the densities of the saturated specimens just before shearing were higher than those of the unsaturated specimens. However, a comparison of the specimens with the same normal stresses in Figs. 7 and 8 indicates that both peak and ultimate shear strengths of the unsaturated specimens were greater than those of the saturated ones. The vertical displacements for unsaturated specimens increased (expansion) during shearing, while those for saturated specimens decreased (shrinking).
Results of Direct Shear Tests and Simulations
The relationships between the estimated average shear stress and horizontal displacement were consistent with those obtained experimentally. The estimated vertical displacements were slightly larger than the experimental ones. The maximum diŠerences in strain levels were about 0.6z for saturated cases and about 0.8z for unsaturated cases. However, the analyses well represented the tendency of the displacement changes; speciˆcally, the vertical displacements decreased in the saturated specimens and increased in the unsaturated specimens. Figure 9 shows shear zones after shearing for the specimen with normal stress＝2.5 kPa in the experiment. The shear zone widths were estimated from the deformations of the colored sand columns. The measured maximum shear zone widths of the saturated and unsaturated specimens were 3.5 mm and 8.0 mm, respectively, with the width of the unsaturated specimen much larger. Figure  10 shows distributions of maximum shear strains for the specimen with normal stress＝2.5 kPa in the simulation. The strains were concentrated in small zones in both saturated and unsaturated cases. The width of the shear zone in the unsaturated case was much wider than that in the saturated case. The simulation results were su‹ciently in good agreement with the experimental results.
DiŠerence in Shear Properties between Saturated and Unsaturated Specimens
The diŠerence in the shear properties between saturated and unsaturated specimens can be explained by the two suction eŠects described above: an increase in suction increases eŠective stress and also enhances the yield stresses and aŠects resistance to plastic deformations. Theˆrst eŠect can explain why the ultimate shear strengths of the unsaturated specimens were greater than those of the saturated specimens. That is, as an increase in suction, increases eŠective normal stresses, as shown in Eqs. (1) to (5), the ultimate shear strengths also increase. At the same time, the second eŠect can explain why the peak strengths of the unsaturated specimens were greater than those of the saturated specimens. As the increase in suction enhances yield stresses as shown in Eqs. (6) to (8), expanding the yield surfaces, the peak strengths also may increase in unsaturated specimens.
The reason why the vertical displacements increased and strain softening occurred in unsaturated specimens can be explained as follows. As the yield surfaces expand due to an increase in suction, during shearing, the stress paths of the unsaturated specimens may lie more in the overconsolidation range than do those of the saturated specimens. Then the unsaturated specimens may express softening behavior, while the saturated specimens may express hardening behavior.
The reason why the shear zone in the unsaturated case was wider than that in the saturated case can be explained as follows. The unsaturated specimen may reach the peak shear strength at small horizontal displacements (shear displacements) and express strain-softening behavior as shown in Fig. 8(a) . As failure may occur at relatively small shear strains, a relatively wide region may be subjected to su‹cient shear displacement that is capable of inducing the failure. In addition, the volume of the failure zone may increase because of dilatancy. Then the unsaturated specimen may have a relatively wide shear zone. On the other hand the saturated specimen expresses strain-hardening behavior and the failures only occur at very large shear displacements as shown in Fig. 7(a) . Only a narrow region near the shear plane was subjected to very large displacements, and the volume of the narrow region decreased because of contraction. Then the shear zone must be restricted in the very narrow region. Thus, the shear zone of the unsaturated specimen was wider than that of saturated one.
LARGE-SCALE MODEL TEST FOR EMBANKMENT
Here we describe a model test using a large-scale physical model made of a sandy soil during impounding. A consolidation analysis was performed and these results were compared with the experimental results. The validity of the analysis method mentioned above for predicting the behavior of embankments is examined, and features of the deformations and the failure on sandy loose embankment dams during increase of water level are discussed. Figure 11 shows a section of the model and positions of sensors. The model simulated the downstream half of an embankment dam. The model consisted of an embankment (80 cm in height) and a foundation (20 cm in height); the total model height was 100 cm. In order to satisfy a plain strain condition well, the depth of the model was set as 150 cm so that it was nearly double the embankment height. In addition, double sheets of greased membrane were installed between the embankment and the sidewalls of the steel tank to reduce the side frictions.
Model Conˆguration
As the stress level induced in a physical model is much lower than those in the actual embankment, large deformations and sliding failure hardly occur. In order to induce sliding failures, the model embankment had a steep downstream slope and a low density. The slope was 45 degrees and the dry density of the embankment was 1.42 g/cm 3 (relative density＝3.8z). The dry density of the foundation was 1.52 g/cm 3 and this value was the maximum dry density. Kasumigaura sand was compacted at a water content of 6.8z by 5 cm in each layer using vibrators. In order to observe the sliding surface after the failure, a layer of colored Kasumigaura sand 10 cm in depth and 1 cm in height was installed every 10 cm in height.
Monitoring of pore water pressures was carried out using 8 pore water pressure transducers (PS1-PS8) with ceramic cups, whose air entry value was 200 kPa as shown in Figs. 11 and 12 . The ceramic cups and the reservoirs of the transducers were saturated with de-aired water under a vacuum, so that pore water pressures could be measured up to -80 kPa at an accuracy of 0.02 kPa. Atmospheric pressure was also measured to cancel errors due to the pressure changes during long-term testing. Vertical and horizontal deformations were measured with 9 LVDT sensors (DV1-DV5 for vertical and DH1-DH4 for horizontal). The positions of the installed LVDT sensors are also shown in Fig. 11 .
Test Procedure
The upstream and downstream water levels were controlled during the test. Figure 13 shows the changes of upstream water levels with time. The datum of the water level was consistent with the foundation surface. The downstream water level was kept at the base of the foundation (-20 cm) during the test. The upstream water level rose to 20 cm and was maintained until a steady state of ‰ow appeared. Then the upstream water level rose to 40 cm and this level was maintained until failure of the downstream slope occurred.
Boundary Conditions and Parameters of the Consolidation Analysis
Theˆnite element mesh and boundary conditions used in the consolidation analysis are shown in Fig. 14 . At the base of the foundation, all the directions of displacements wereˆxed. On the left surface of the model and the right surface of the foundation, only the horizontal direction of displacements wasˆxed.
The pore water pressures on the surface of the embankment were kept at -3.5 kPa during the construction process because we had to take evaporation from the model surface into account. When the embankment was constructed, the water level was consistent with the base of the foundation. After construction processes were simulated, the upstream water level rose by the same steps as those adopted in the model test. Material parameters used are shown in Table 1 and they are the same as those used in the simulations for laboratory tests.
Results of the Model Test and the Simulation
The test results are shown in Figs. 15 and 17 . Figures  16, 18 and 19 show the simulation results. Figures 15(a) and ( Deformations: The deformations that resulted from the test were as follows. It can be seen from Fig. 15(a) that the embankment at DH3 and DH4 points ( see Fig.  11 ) moved upstream at theˆrst stage of impounding and then moved back downstream. These movements are also seen from the vectors of deformations shown in Figs. Fig. 15(b) indicates, downward movements (settlements) occurred when the water level rose to 20 cm, and the settlements tended to be constant values while the water level equaled 20 cm. However, a crack (Crack 1) appeared on the shoulder of the embankment at elapsed time t＝1100 min ( see Fig. 17(d) ).
17(b)-(d). As
When the upstream water level rose to 40 cm, very large movements downstream and downward (settlements) occurred at all observed points. The behavior at the 40 cm water level can be seen from the vectors plotted in Figs. 17(e) and (f). At this water level, another crack (Crack 2) appeared at almost middle on the downstream slope, as shown in Fig. 17(e) . Figure 20 shows a bird'seye view of the model from downstream; Crack 2 was an open crack and appears on the downstream surface. As Crack 1 was a hair-thin crack and is not visible in this photo, it is illustrated as a dotted line based on the measurements. The cracks appeared mainly in the direction of the depth of the embankment (dam axis direction), and it is clear that the plain strain condition was well maintained until theˆnal failure occurred. Finally, a sliding surface through the downstream toe and Crack 2 ap- (Fig. 15) . The estimated horizontal displacements were slightly larger than those of the test. As the horizontal displacements were mainly caused by shear displacements, the situation that they were calculated slightly large was the same as those estimated in the simulations of the laboratory tests; however, on the whole, estimated displacements agreed with those measured. Particularly, the horizontal displacements in the upstream direction at the shoulder of the downstream slope (DH3 and DH4 points) during theˆrst stage of impounding could be well simulated. The embankment rotated upstream as shown in Figs. 18(b)-(d) . This behavior must be caused by saturation collapse of the embankment. A large amount of displacement on the downstream slope occurred after increase of the upstream water level to 40 cm, as seen in Figs. 16(a) and (b) and Figs. 18(e) and (f). The estimated displacements also agreed with those observed in the test.
Distributions of pore water pressure: The time-dependent properties of the pore water pressures in the tests can be seen in Fig. 17 . The pore water pressures before impounding had negative values, varying from -3 to -2 kPa within the entire model ( Fig. 17(a) ). The pore water pressures near the surface of the embankment decreased during the construction of the model. This may be due to evaporation from the surface of the embankment. After the upstream water level rose to 20 cm, the pore water pressures in the upstream lower part of the model changed to positive values (Figs. 17(b) and (c) ). The pore water pressures in this part became almost constant at t＝ 200 min, but the pore water pressures in the upper part of the model maintained negative values and changed only slightly until t＝1100 min (Fig. 17(d) ). After the upstream water level rose to 40 cm at t＝1200 min ( Fig.  17(e) ), a seepage surface obviously appeared on the downstream slope at t＝1230 min ( Fig. 17(f) ).
The simulation results were as follows. Because evaporation from the embankment surface was taken into account, the distribution of pore water pressures at the initial state was well simulated ( see Figs. 17(a) and 19(a) ). After the upstream water level rose to 20 cm, the pore water pressures in the upstream lower part of the embankment increased (Figs. 19(b)-(d)) . After the water level rose to 40 cm, the seepage surface appeared on the (f) ). On the whole, the distributions of estimated pore water pressures were consistent with the experimental ones.
Features of Deformations and Failure
The deformations due to seepage obtained from the simulation may be divided into two categories: volume reductions and shear deformations. Figure 23 shows the distributions of the volumetric strains obtained from the simulation at diŠerent elapsed times: (a) t＝50 min, (b) t ＝1100 min, and (c) t＝1230 min. Theseˆgures indicate that a zone, in which positive volumetric strains (volume This compression behavior must be a result of saturation collapse. The downstream shoulder of the embankment rotated upstream due to the volume reductions (compression deformations). Similar behavior is often seen in earth dams during theˆrst impounding. Figure 24 shows the distributions of the maximum shear strains estimated at three elapsed times: (a) t＝50 min, (b) t＝1100 min, (c) t＝1230 min. The shear strains occurred within the saturation zone at theˆrst stage of impounding, as seen in Fig. 24(a) . As the saturation zone progressed downstream, the shear strains gradually increased near the downstream toe. Because of reductions of shear strength due to wetting and small mean stresses at the downstream toe, relatively large amounts of shear strains occurred and the strains were concentrated in a small region. The shape of the sliding failure shown in Fig. 22 agreed well with that of the concentrated part of the shear strains shown in Fig. 24(c) .
Because of these two types of deformations, tension strains were induced on the embankment. Figure 25 illustrates the tension strain distributions estimated at two elapsed times: (a) t＝1100 min and (b) t＝1230 min. Thê rst crack (Crack 1) appeared at the shoulder of the downstream slope in the model test. It is clear from Fig.  25(a) that the tension strains concentrated in almost the same place where Crack 1 was observed. These tension strains might be induced by deformations as the embankment rotated upstream. The tension strains on the shoulder disappeared as seepage progressed, as shown in Fig.  25(b) . This reason might be that the crest moved back downstream as seepage progressed.
The second crack (Crack 2) occurred in the middle of the downstream slope, as shown in Figs. 17(e) and (f), and the sliding surface through Crack 2 was observed in the model test. As shown in Fig. 25(b) , the tension strains were also calculated at the place where Crack 2 appeared before the failure. The tension strains seem to be mainly induced by large shear deformations near the downstream toe, as shown in Fig. 24(c) .
A scenario of the failure of the model embankment may be as follows. After the seepage surface appeared on the slope near the downstream toe, the deformations increased remarkably there. Reductions of eŠective stresses due to an increase in pore water pressures and reductions of shear strengths (the yield stresses) with saturation occurred near the downstream toe as well. This process might have induced the failure. The slip surface progressed through Crack 2 towards the downstream toe. The tension cracks, which were induced by saturation collapse and shear deformation, might have reduced the stability of the loose embankment dam. Thus, old embankments, which were constructed with loose density sandy soils, might have histories in which cracks occurred on the downstream slopes when the reservoir water level rose, decreasing their stabilities. These histories should be taken into account when the safety of old loose embankments is evaluated.
CONCLUSIONS
A large-scale physical model test was conducted in order to investigate the behavior of embankments during impounding. The model test was simulated by a consolidation analysis method coupled with an elastoplastic model for unsaturated soils. All material parameters used in the analyses were obtained from oedometer, triaxial compression, soil water retention, and permeability tests. Consolidation analyses which simulated direct shear tests were also performed, and the simulation results were compared with the experimental ones. The following results were obtained: 1) The consolidation analysis method described here could su‹ciently estimate the results of the oedometer and the triaxial compression tests. Estimated curves of soil water retention and permeability were also in good agreement with the experimental results. 2) It was found from the direct shear tests that both the peak and the ultimate shear strengths of unsaturated specimens were greater than those of saturated specimens. The vertical displacements in unsaturated specimens increased during shearing, while they decreased in saturated specimens. The width of the shear zones in the unsaturated specimens was greater than that in the saturated specimens. The simulation results of the direct shear tests could explain well the experimental results for both saturated and unsaturated specimens. A tension crack with a large gap appeared at the middle of the downstream slope, and sliding occurred through the tension crack and the downstream toe. These behaviors were due to saturation collapse at the upstream lower part of the embankment and shear deformations near the downstream toe.
4) The simulation results were su‹ciently consistent with those of the model test results. The consolidation analysis method was able to simulate the complex deformations induced by saturation collapse and shear, as well as the pore water pressures, tension strains and the failure behavior of loose sandy embankments during seepage. 5) Old embankments, which were constructed with loose sandy soils, might have histories in which cracks occurred on the downstream slopes when the reservoir water level rose, decreasing the stabilities of their downstream slopes. These histories should be taken into account when the safety of old loose embankments is evaluated.
